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Abstract 

The seed stage is often critical in determining the regeneration success of plants. Seeds must survive an array of seed 
predators and pathogens and germinate under conditions favourable for seedling establishment. To maximise recruitment 
success plants protect seeds using a diverse set of chemical and physical defences. However, the relationship between these 
defence classes, and their association with other life history traits, is not well understood. Data on seed coat thickness and 
fracture resistance, and the abundance and diversity of potential defensive compounds were collected for 10 tree species of 
Macaranga from Borneo. The data were used to test whether there is a trade-off in physical versus chemical defence 
investment, and to determine how investment varies with seed mass, and light requirement for regeneration. Across species 
there was no correlation between seed coat thickness and abundance of potential defensive compounds, indicating the 
absence of a direct trade-off between defence classes. While chemical defences were not correlated to other traits, physical 
defences were positively correlated with light requirement for regeneration. For a subset of five Macaranga species we 
evaluated the relative investment in chemical and physical defence to seed persistence in the soil, measured as the time to 
half initial seed viability (seed half-life). Half-life was negatively related to the ratio of potential defensive compound 
abundance to seed coat thickness, suggesting that species with long persistence invested in physical defence more than 
stored chemical defences. These results indicate that investment in seed defences are associated with species' light 
requirements for regeneration, rather than scaling positively with seed mass. Furthermore, chemical defences, although 
highly variable among species, do not appear to be critical to long term persistence of Macaranga seeds, and may be 
important in defending seeds from natural enemies distinct from those found in the soil. 
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Introduction 

Natural enemies strongly influence plant population growth, 
plant traits, and the local and regional distribution of plant species 
[1], [2], [3]. Many of these effects are most strongly exerted at the 
seed stage [4], [5]. Since the seeds of most plant species need to 
contain sufficient nutrients to support seedling establishment, they 
represent rich resources that are consumed by a wide range of 
animals [6] , [7] , [8] while also providing a substrate for microbial 
infection in the soil [9], [10], [11]. As a consequence, maternal 
resources are allocated not only to provisioning seeds, but also to 
the protection of seeds from predators and pathogens [12], [13]. 

Seed defences are often sub-divided into traits that provide 
physical or chemical protection. These protective traits are usually 
associated with seed-enclosing structures (e.g., pericarp and testa; 
[14], [15]). Physical defences are provided by the thickness and 
fracture resistance of enclosing structures that protect against 
penetration by insect predators [16], or seed rupture when passed 



through the jaws and digestive tracts of dispersers [14]. However, 
while physical defences can provide effective mechanical protec- 
tion against vertebrates and invertebrates) [17], [18] seed- 
protecting structures may still be consumed by predators and 
seeds may be susceptible to pathogen infection [19]. Therefore, to 
discourage predators and pathogens seeds may also develop other 
means of protection based on chemical defences. 

Plants contain many classes of secondary compounds that 
potentially serve as chemical defences against predators and 
pathogens [20], [21], [22]. In seeds, several classes of compounds 
such as phenolics, and alkaloids have been reported to be to be 
effective in protecting against insects [23], molluscs [24], 
vertebrates [25], and fungal and bacterial pathogens [19], [20], 
[26]. In Macaranga beccariana, potential stored defensive compounds 
in a class of dihydroxyphenols such as gentisic acid, protocatechuic 
acid, and gamma-resorcylic acid have been found, especially in the 
seed coat (Tiansawat, unpublished data). The presence of potential 
defensive compounds in a hard seed coat suggests that Macaranga 
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species invest their resources in both physical and chemical 
protection of their seeds. 

Many theories have been developed to explain the distribution 
of defences across plant structures and among plant species on the 
basis that defences are costly to produce [27], [28], [29]. 
Consequendy, the allocation of resources to defences is hypoth- 
esized to be subjected to trade-offs such that high investment in 
one defence type should reduce investment in others with similar 
effectiveness [30], [31], [32]. However, most studies that have 
explored trade-offs in plant defences have focused on the leaves of 
seedlings and adult plants (e.g., [30], [31], [32], [33], and it 
remains unclear whether a trade-off exists between physical and 
chemical defensive traits in seeds. 

In addition to undergoing trade-offs, allocation to seed defences 
may also be habitat specific. In general, seedlings and adults of 
light-demanding species are characterized by a low investment in 
defensive traits relative to shade-tolerant species [2], [27], [34]. 
However, it is unclear whether defence allocation patterns post- 
germination also extend to seeds. Light-demanding species often 
form persistent soil seed banks that require seeds to survive long 
exposure to post-dispersal seed predators and pathogens [35], 
[36]. Therefore, prolonged seed persistence may instead be 
associated with higher investment in defence. 

The relative investment in physical and chemical defences 
associated with prolonged seed persistence remains unclear. 
Previous work with 80 native British species and six neotropical 
pioneer species has shown that longer persistence in the soil is 
associated with increased investment in chemical protection [37], 
[38]. In contrast, the most persistent temperate weed species 
allocate relatively more resources to physical defence than those 
species with short persistent seed banks [39], [40]. These 
contrasting results suggest complex relationships may exist linking 
seed size, persistence and seed chemical and physical defences, and 
may also vary among ecosystems and phylogenetic clades. 

In this study, three questions were asked regarding the 
distribution of seed defences among species: First, does a trade- 
off exist among species between the physical defences and the 
quantity of potential defensive compounds? Second, does seed 
mass variation underlie interspecific differences in seed physical 
and chemical defences? We hypothesized physical defences should 
become more effective as seed mass increases, because the absolute 
thickness of seed protecting structures will scale positively with 
seed mass even if investment in physical defence is unchanged. 
Furthermore, if defence investment is subject to trade-offs, then 
larger-seeded species will be less dependent on chemical defences 
than smaller-seeded ones. 

Third, does light requirement for regeneration influence the 
distribution of seed physical and chemical defences among species? 
We hypothesized that light-demanding species that form persistent 
seed banks will have greater investment in both physical and 
chemical defences than shade-tolerant species that germinate soon 
after dispersal. Alternatively, if physical damage is a primary cause 
of seed loss, then the half-life of seeds in the soil and the ratio of 
chemical to physical defences will be negatively correlated, 
indicating species that persist longer in the soil will invest more 
in physical defence relative to chemical defence. 

Materials and Methods 

Study species and site 

In ever-wet paleotropical forests, the genus Macaranga serves as a 
unique system for studying the relationships among seed defence, 
habitat requirements and seed persistence. For the 10 Macaranga 
species included in this study seed mass ranged from 1.72 to 



64.09 mg, and in habitat preference from shade-tolerant shrubs to 
light-demanding trees. Mature fruits of 10 Macaranga species 
(Table 1) were collected between July 2009 - September 2011 
from primary and secondary forests of Lambir Hills National Park 
(hereafter Lambir), Sarawak, Malaysia (NW Borneo) (4° 12' N, 
114°02' E) (Permit number NGCD.907.4.4(V)-97 and 
NCCD.907.4.4gid.Vl)-84). The mean temperature is 26°C. 
Lambir receives annual rainfall ranging between 2100 and 
3300 mm [41] with all months averaging > 100 mm [41]. Lambir 
has no clear seasonality; however, unpredictable short dry spells 
(< 1 month) often occur throughout the year [42] . 

Light requirement for regeneration and seed collection 

The light requirement of species was represented by the crown 
illumination index (CI index), [43]. CI index scores were obtained 
from published literature [44], and were based on a visual 
assessment of the crown exposure to light. Species were classified 
on a scale of 1-5 from very shade-tolerant to highly light- 
demanding. Since light requirements may change during ontogeny 
[45], only the CI index of Macaranga individuals <4 cm diameter 
were used, and were obtained by averaging the value of CI index 
across the first two columns of Table 3 in [44] . 

For seed collection, mature fruits of 10 Macaranga species 
(Table 1) were collected between July 2009 and September 2011 
from primary and secondary forests of Lambir. All fruits were 
collected directly from the crowns of at least two maternal sources 
(except one parent for fruits of the rare species M. lamellata, M. 
umbro.sa and M. hypokuca). The numbers of seed sources and seeds 
used in the study were relatively small. This is a consequence of 
low fruit availability during non-mast years, and further 
constraints on seed production that are a consequence of resource 
limitation to relatively large-seeded trees that grow beneath a 
forest canopy. 

Macaranga seeds are enclosed with oil-rich arils. The presence of 
aril is recognized as a reward for seed dispersal agents. The soft 
nutrient-rich tissues are likely to be decomposed rapidly and would 
not persist long enough to affect persistence in the soil. Therefore, 
in this study examinations of physical and chemical defences, and 
seed persistence in the soil excluded the aril. Seeds (Figure 1) were 
cleaned the same day of collection to remove arils and to exclude 
non-viable seeds that floated in water. To measure seed dry mass, 
two replicates of 10 seeds from each maternal source were 
randomly sampled and were oven-dried at 65°C for three days 
and reweighed. For each species, seeds from different maternal 
sources were pooled, stored in a refrigerator, and shipped by air 
courier in airtight plastic bags to the University of Illinois for 
physical and chemical defence analyses. 

Measurement of seed physical defence 

Quantitative differences in seed physical protection among 
species were represented by a measurement of seed coat thickness. 
In Macaranga, seed coat thickness was strongly correlated with seed 
fracture resistance, i.e. the minimum force required to initiate seed 
rupture (Appendix SI, Figure SI). Therefore, the seed coat 
thickness served as a good estimate of seed physical strength. 
Measurements of seed coat thickness were made using a dissecting 
microscope (ZEISS SteREO Discovery V8, Carl Zeiss Microsco- 
py, Germany). Ten seeds of each species, (except M. lamellata and 
M. umbrosa for which five seeds were measured) were randomly 
selected and cut in half. The half-seeds were photographed under 
the dissecting microscope and seed coat thickness measured at 
three random points using graphic tools of ZEN 2011 imaging 
software (Carl Zeiss Microscopy, Germany). The mean of seed 
coat thickness was obtained for each species. 
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Figure 1 . Four types of seed shape and sculpturing of Bornean Macaranga species (scale bar: 1 mm) - (a) M. hypolueca: spheroidal or 
slightly flattened with large shallow round pits (S), (b) M. bancancar. ovoid or subtriangular-ovoid with shallow grooves (O), (c) M. 
gigantea: lenticular with shallow grooves (L), and (d) M. wink/err. ovoid shape with coarsely verrucose surface (V). 

doi:10.1371/journal.pone.0099691.g001 



Measurement of seed chemical defence 

Rather than targeting a specific class of compounds, seed 
chemical defence investment was characterized as the quantity of 
potential defensive organic compounds in methanolic extracts of 
seed coat and may include phenols, flavonoids and alkaloids. Seeds 
were pooled from different maternal sources and the seed coats 
and seed contents separated by gendy breaking seeds open in a 
mortar and pestle. The seed coats were then ground to a fine 
homogenate using a Wiley Mini Mill (model 3383-L10 Thomas 
Scientific, USA). For each species, three replicates of 0.1 g of 
ground seed coat were extracted in methanol (Appendix S2). The 
triplicates of methanol supernatant were then analysed for 
compounds using high performance liquid chromatography 
(HPLC; Appendix S3). 

In this study, potential defensive compounds were not identified 
but were instead distinguished according to their retention times. 
An absorbance peak (at 280 nm), shown in a chromatogram, was 
used as a relative abundance measure for a series of unknown 
peaks. To compare compound abundance across samples, the area 
of each peak in each sample was first standardized to the mass of 
the seed coat sample. 

Mass — standardized peak area = 
Raw peak area 



Injection volume 



x Total volume of extract 



Sample mass 

where peak area was measured in mVxmin, injection volume was 
25 u,L, extract volume was 1.5 mL, and sample mass was 
measured in g. Mean peak areas were calculated from the three 
replicates per species. The mass-standardized peak area of all 
potential defensive compounds present in each species was then 
summed. In Macaranga the number of absorbance peaks and the 
mass-standardized peak area of potential defensive compounds 



were strongly and positively associated (Figure S2). Therefore, only 
the mass-standardized peak area of compounds was used as a 
measurement of the abundance of potential defensive compounds 
[46]. 

Seed persistence in the soil 

A burial experiment to determine the loss rate of seed viability 
over time was conducted at Lambir from July 2009 to November 
2011. Due to the low availability seeds, this experiment was 
limited to five species: M. bancana, M. beccariana, M. gigantea, M. 
trachyphylla and M. winkleri. There were two maternal sources for 
M. beccariana and M. winkleri, and one maternal source each for M. 
bancana, M. gigantea and M. trachyphylla. For initial seed germination, 
at least two replicates of 30 seeds per maternal source were sown in 
Petri dishes lined with two layers of sterile cotton gauze pad 
(Dynarex Corporation, New York, USA) for eight weeks. The 
cotton gauze pad was saturated with 5 ml of tap water and the 
dishes were covered with lids. Dishes were checked daily, and 
water was added every 2-3 days to resaturate the gauze pad. 

Buried seeds of each maternal source were placed in individual 
fibreglass netting (0.5 mm mesh size) bags together with 10 g of 
homogenized forest soil. Mesh bags retained the seeds but were 
permeable to fungi and small invertebrates [36]. Each bag of the 
same maternal source contained the same number of seeds; 
however, the number of seeds per bag varied among maternal 
sources depending on seed availability (15 to 30 seeds), and the 
number of seed bags per maternal sources ranged from 27 to 42 
bags. The seed bags were buried 5 cm below the soil surface and 
30 cm apart from one another in a common garden beneath the 
forest canopy. The burial site was in a shade environment (average 
R: FR of 0.14±0.04) of primary Dipterocarp forest canopy of 
Lambir at 102 m above the sea level. Daily air temperature 
ranged from 24.0 to 28.6°C (StowAway TidbiT temperature data 
loggers, Onset Computer Corporation, MA, USA). 
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Seed bags were recovered 1, 2, 3, 6, 12, 19, 22 and 28 months 
after burial. For some maternal sources with few seed bags, 
recovery periods of seed bags varied, but spanned the 28 months. 
Four to eight seed bags of each maternal source were retrieved at 
each time point. After recovery, the seed bag content, which was 
comprised of soil and seeds, was placed individually in a Petri dish 
lined with a piece of moist filter paper (No. 1 Whatman filter 
paper, GE Healthcare, New Jersey, USA). The Petri dishes were 
covered with lids and placed on the shelves in a growing house 
with 30% full sun (average R: FR 1.12). Averages of day and night 
time air temperature in the growing house were 31.0 and 23.5°C, 
respectively; the average diel temperature is 26.7°C. The seed bag 
contents were sprayed with water every three days to maintain 
moisture. Germination was scored over five weeks as visible radicle 
or hypocotyl emergence. 

Data Analysis 

Seed mass, light requirement for regeneration and seed 
defence 

Unless stated, data were analysed using R version 2.15.3 [47]. 
To examine trait relationships across species, the pairwise Pearson 
correlation matrix was computed for seed dry mass, seed coat 
thickness, total mass-standardized peak area of potential defensive 
compounds, and crown illumination index (CI index). Phyloge- 
netic analyses were also conducted on trait comparisons. The 
results accounting for phylogeny were qualitatively similar to the 
results of the cross-species analyses (Table SI in Appendix S4). 



was regressed against log e -transformed seed half-life using a linear 
regression (Im). 

Results 

The trade-off between seed physical and chemical 
defence 

There was no significant correlation between seed physical and 
chemical defence either before or after controlling for phylogenetic 
relationships (Table 2, Figure 2). Species with both relatively thin 
(< 150 urn) and thick (>300 urn) seed coats had relatively low 
quantities of potential defensive compounds compared to species 
with intermediate seed coat thickness (170-220 um) (Figure 2A). 

Seed physical defence, light requirement for 
regeneration, and seed mass 

The light requirement for regeneration, represented by the CI 
index of seedling and sapling stages, ranged from 1.80 (shade- 
tolerant) to 3.70 (strongly light-demanding) across the 10 
Macaranga species (Table 1). The CI index was strongly negatively 
correlated with seed mass (Table 2), indicating that more light- 
demanding species produced smaller seeds. There was also a 
significant negative relationship between seed coat thickness and 
seed mass, where M. winkleri, the only Macaranga species with a 
sculpted seed coat, was a significant outlier (Figure 3). 



Ordination of potential defensive compound 
composition and light requirement 

Principal coordinate analysis (PCO) (package ecodist version 
1.2.7) [48] was used to position species in space according to 
differences in potential defensive compounds present in seed coats. 
The PCO is a metric multidimensional scaling method based on 
projection, which uses spectral decomposition to approximate a 
dissimilarity matrix of the distances between a set of points in a few 
dimensions [49] . The PCO is useful for biological data with many 
zeroes in the data set. Bray-Curtis index was used to calculate the 
dissimilarity matrix. The number of dimensions was fixed to two. 

Seed persistence in the soil 

In our study, no dormancy was observed for any species when 
seeds were exposed to suitable environmental conditions. There- 
fore, seed germinability reflects seed viability. The relationship 
between seed germination percent (y) and time (t) was described as 
a negative exponential function [39], [50]. The exponential decay 
function was in the form of: 



y = ae 

where a represents initial percent germination and k is the 
exponential decay constant. The time over which viability of seeds 
was reduced to half of initial viability, was used as a comparison 
index of seed persistence in the soil. Half-lives of seeds in the soil 
were estimated under the assumption of a constant rate of viability 
loss over time (t). Seed half-life in the soil (t os ) for each species was 
calculated as t 05 = ln(0.5)/-k. 

To explore the relationship between seed persistence and seed 
defence, the ratio of total mass-standardized peak area of potential 
defensive compounds to seed coat thickness was used. This ratio 
provides a measure of the relative amount of investment to 
chemical and physical defence [39]. The log,.-transformed ratio 
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Figure 2. The cross-species analysis (a) and the analysis of 
phylogenetically independent contrasts (b) showed no linear 
relationship between seed coat thickness and total peak area 
of potential defensive compounds. 

doi:1 0.1 371/journal.pone.0099691 .g002 
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Table 2. Pearson product-moment correlation matrix between all 


paring seed attributes of 10 Macaranga species. 




Crown illumination index* 


Seed dry mass* Seed coat thickness* 


Seed dry mass —0.87 


Seed coat thickness 0.50 


-0.41 


Total mass-standardized peak area —0.04 


-0.13 -0.04 



* The coefficients with significance P<0.001 are indicated in boldface. 
doi:1 0.1 371 /joumal.pone.0099691 .t002 



Because seed mass and CI index were strongly correlated 
(Table 2), their association with thickness of seed coat was 
examined using partial correlation. When controlling for CI index, 
seed coat thickness was uncorrelated with seed mass (Partial 
correlation coefficient = —0.04, n = 9, P= 0.92). When controlling 
for seed mass, and excluding the outlier M. winkleri, seed coat 
thickness was positively associated with CI index (Partial 
correlation coefficient =0.66, n = 9, P=0.03), indicating that 
shade-tolerant species had relatively thinner seed coats than light- 
demanding species. 

Seed chemical defence of Macaranga species 

A total of 23 distinct peaks were recorded likely representing 23 
compounds in the 10 Macaranga species. The lowest peak diversity 
was in M. winkleri with one compound peak, while M. trachyphylla 
and M. havilandii had the highest diversity with 20 distinguishable 
peaks. Total mass-standardized peak area of potential defensive 
compounds was not associated with CI index or seed mass 
(Table 2). The principal coordinate analysis (PCO) used to 
position species according to similarity in potential defensive 
composition revealed three distinct species groups (Figure 4): (1) 
M. beccariana, M. gigantea, M. hypoleuca and M. lamdlata, (2) M. 
bancana, M. trachyphylla, M. havilandii and M. hullettii, and (3) M. 
winkleri and M. umbrosa. These groups were not associated with 
seed mass, or light requirement for regeneration. 
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Figure 3. The relationship between seed mass and seed coat 
thickness for 10 Macaranga species. The outlier M. winkleri data (A) 
was excluded from the model (log(Vl = 7.5328-0.6563 xlog(X), n = 9, 
R 2 = 0.7322, F (h7) = 19.14, P = 0.003). 
doi:1 0.1 371 /journal.pone.0099691 .g003 
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Figure 4. Principal coordinate analysis (PCO) plot showing 
similarity of potential defensive compound composition of 10 
Macaranga species - M. bannacana (BAN), M. becciariana (BEC), M. 
gigantea (GIG), M. havilandii (HAV), M. hullettii (HUL), M. 
hypoleuca (HYP), M. lamellata (LAM), M. trachyphylla (TRA), M. 
umbrosa (UMB), and M. winkleri (WIN). The two axes explained 
90.50% of the viability in the original dissimilarity matrix. 
doi:1 0.1 371/journal.pone.0099691 .g004 



Seed persistence, seed mass, light requirement for 
regeneration and defence 

Data on persistence (half-life) (Figure S3) of seeds in the soil 
were available for five Macaranga species: M. bancana (0.36 year), M. 
trachyphylla (0.48 year), M. beccariana (0.77 year), M. winkleri (1.26 
years), and M. gigantea (1.78 years). When controlling for seed mass, 
the half-life of seeds in the soil was associated with CI index 
(Partial correlation coefficient =0.94, re = 5, P<0.0001), but the 
half-life of seeds was unrelated to seed mass when CI index was 
controlled (Partial correlation coefficient =0.02, n — 5, P=0.98). 

Comparing physical and chemical defences, the ratio of total 
mass-standardized peak area of potential defensive compounds to 
seed coat thickness (chemical: physical defence) decreased as seed 
half-life in the soil increased (Figure 5). Linear regression with the 
PICs of log-seed half-life and log-ratio of total mass-standardized 
peak area also showed a negative relationship (T= — 1.78X, 
R 2 =0.84, F (1: 3) = 16.07, P= 0.03). Thus, the relative investment 
in chemical defence to physical defence decreased as seed 
persistence increased. 
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Figure 5. The ratio of seed chemical (total mass-standardized 
peak area of potential defensive compounds) to physical defence 
(seed coat thickness) of five Macaranga species decreased as 
seed half-life in the soil increased (log( Y) = —1.7732 xlog(A), 
n = 5, R 2 = 0.8269, F (h3) = 14.33, P= 0.032). 
doi:10.1371/journal.pon'e.0099691.g005 

Discussion 

This study tested hypotheses for how seed physical and chemical 
defences, seed mass, light requirement for regeneration and seed 
persistence are related. We found that variation in defence 
investment was primarily determined by species habitat require- 
ments. Species that occupy more open environments, and that 
have longer-lived seed banks invested more in physical defences 
than more shade-tolerant species. Seed chemical defences, 
characterized as soluble polar molecules extracted from the seed 
coat, also varied markedly among species in both their diversity 
and abundance, and overall, appear to be a more important 
component of the defensive investment of more shade-tolerant 
Macaranga species. 

Trade-off between seed physical and chemical defence 

In general, studies on the allocation of physical and chemical 
defence in seeds are scarce. A single study, comparing six species of 
Lithocarpus (Fagaceae) with seeds dispersed by scatter-hoarding 
rodents has reported a trade-off between these defence classes 
[25]. No direct trade-off was observed in this study (Figure 2); 
however, the proportional allocation to defensive traits may be 
contingent on the suite of dispersers and predators that are 
associated with seeds, and may therefore be more apparent in 
comparisons among species that have similar capacities to persist 
in the soil. 

The prediction of trade-offs among defensive traits also assumes 
that resource allocation rules apply at the individual seed level. 
However, allocation to defence in seeds is a component of the 
larger investment in seed production [51], [52]. Therefore, both 
seed size and seed defence investment potentially trade-off with the 
number of seeds produced. 

The efficacy of chemical and physical defences also needs to be 
evaluated in the context of seed germination. Physical defences 
protect mature, ungerminated seeds; however, seed coats must 
soften and crack during seed germination, and seeds may then rely 
on existing chemical defences or on inducible mechanisms that 



transform stored precursors to defensive compounds [53], [54]. 
Future studies are needed to better understand temporal changes 
in physical and chemical attributes of defence after dispersal and 
the interactive effect of pathogens and environmental stresses. 

Light requirement for regeneration, seed mass and seed 
defence 

There was large variation in the investment in seed defences 
among species, which correlated with seed and plant regeneration 
traits. For seed physical defence, light requirement for regenera- 
tion rather than seed mass was the principle determinant of 
defence traits. Therefore, the results did not support the hypothesis 
that larger seeds are more reliant on physical defences. In contrast, 
the results supported the hypothesis that exposure to natural 
enemies in the soil determines investment in physical defence 
among species. Seeds of species that occupy more shaded habitats 
had lower levels of physical protection. Among the study species, 
shade-tolerant Macaranga species in this dataset showed no 
evidence of delayed germination and therefore may not require 
the physical defences that permit prolonged persistence in the soil 
after seed dispersal. 

Variation in seed coat thickness may also be related to seed 
physiology. The thin seed coat of shade-tolerant species may also 
be explained in part by low desiccation risk in shade habitats. 
While seed coats play a role in defence, they also serve as a 
boundary to protect the embryo against fluctuations in humidity 
and temperature [19]. Shade habitats are moister than large gaps 
and open sites in tropical forests [55]. Therefore, seeds that 
germinate in drier high light environments may exhibit thicker 
seed enclosing structures to regulate water uptake [19], [56] and to 
prevent rapid desiccation [57]. In contrast, selection for thick seed 
covers may be low, especially in ever-wet forests, where seeds are 
not usually exposed to prolonged dry periods. 

Seed chemical defence 

The diversity of potential defensive compounds ranged widely, 
with 1-20 compounds present in the seed coat of the 10 Macaranga 
species. Only one unidentified compound with molecular weight 
of 330.1 was common to all species. Species grouped according to 
their similarity in chemical defences did not show associations with 
either light requirement for regeneration or seed mass. Other 
factors, such as soil specialization and phylogenetic relatedness 
among Macaranga species, may be correlated to the diversity, 
quantity and types of potential defensive compounds present in 
seed coat. 

Seed persistence and seed defence 

The results of this study supported the hypothesis that species 
with seeds that persist longer in the soil rely primarily on seed 
physical rather than chemical defence. These results were also in 
agreement with a previous study of six temperate weed species, 
where Davis et al. (2008) [39] explored the relationship between 
seed half-life and the relative importance of seed chemical 
defences, represented by the concentration of orfAo-dihydroxyphe- 
nols, to physical defence, represented by seed coat thickness. They 
found that relative investment in phenolic defences declined with 
increasing half-life in the soil. Similarity in tropical tree species and 
temperate herbaceous species suggest that a reliance on physical 
defence for long persistence may be universal across different plant 
groups. 

In this study, longer persistent Macaranga species had a lower 
ratio of total abundance of potential defensive compounds (total 
mass-standardized peak area) relative to seed coat thickness. When 
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the number of potential defensive compounds among species and 
seed persistence in the soil were considered, the species with longer 
persistence also produced fewer potential defensive compounds. 
For the longer persistent species, it might be more resource 
efficient to produce relatively few potential defensive compounds 
with high defensive capacity. Alternatively, the few potential 
defensive compounds produced in species with high persistence 
may play litde role in plant defence and species may rely on 
ongoing co-evolution between seeds and specialist microbes in the 
soil as a microbial defence [58]. 

Exceptional structure and seed defence of Macaranga 
winkleri 

The external surface of enclosing structures of seeds of 
Macaranga species was smooth or only shallowly pitted with one 
exception, M. winkleri. Seed coats of M. winkleri had a verrucose 
surface (Figure ID). Although many other taxa have similarly 
sculpted surfaces, the ecological significance of seed coat 
ornamentation is not well understood. There are, however, two 
suggested hypotheses that relate to abiotic interactions [59]. First, 
rough seed coverings could be advantageous in anchoring the seed 
to the soil (Werker 1997 referred to by [60]). Second, surface 
sculpturing may control temperature under conditions of high 
insolation [59]. Since seeds cannot regulate temperature through 
transpiration, roughness may increase seed surface area, which 
increases energy exchange with surrounding cooler air. 

In addition to abiotic interactions, sculpturing of the seed 
surface may also play a role in seed microbial defence. The 
verrucose surface appears not to contribute to seed physical 
strength, given that M. winkleri had the lowest seed fracture 
resistance. However, the extra surface area may facilitate 
colonization of beneficial microbes around seeds that may prevent 
pathogen infection [58], [61]. Among the Macaranga species in this 
study, M. winkleri produced the smallest light-dependent seeds [62] . 
M. winkleri seeds were the least physically and chemically protected 
with low seed strength and only one soluble compound present. 
However, M. winkleri seeds had a half-life of 1.26 years and are 
abundant in the soil seed bank (Pimonrat Tiansawat, unpublished 
data). The persistence of M. winkleri and evidence of its poor 
physical and chemical protection may suggest other means of seed 
defence. Clearly, more work is needed to understand the 
ecological significance of seed surface characteristics that may 
influence species regeneration. 

In conclusion, for the 10 Macaranga species studied here, the lack 
of correlation between physical defence and chemical defence 
indicated the absence of a direct trade-off between defence classes. 
Nevertheless, variation in physical and chemical defence relating 
to species traits was found among species. Light requirement for 
regeneration was unrelated to the quantity of potential defensive 
compounds present in the seed coat. However, light requirement 
for regeneration was positively correlated with seed coat thickness, 
when excluding the outiier M. winkleri, indicating thinner seed 
coats in more shade tolerant species. Short exposure to natural 
enemies after dispersal and physiological benefits may select for 
thinner seed coats in shade-tolerant species. Finally, this study 
indicates that seeds with prolonged persistence in the soil relied 
primarily on seed physical rather than chemical defence. 

References 

1. Bryant JP, Chapin FS III, Klein DR (1983) Carbon/Nutrient balance of boreal 
plants in relation to vertebrate herbivory. Oikos 40: 357-368. 



Supporting Information 

Figure SI The linear regression through the origin of seed coat 
thickness (u.m) and seed fracture resistance (Newton: N). Seed coat 
thickness and seed fracture resistance were strongly positively 
related {Y=0.1717X, n=10, it 2 = 0.9667, F ( i, 9) = 206.9, P< 
0.001). 
(TIFF) 

Figure S2 The linear regression through the origin of the 
number and total mass-standardized peak area of potential 
defensive compounds. The number of potential defensive 
compounds was positively related with total mass-standardized 
peak area of potential defensive compounds (T= 0.893X, n = 10, 
^ = 0.9598, F (i, sn = 214.7, P<0.001). The result corrected for 
phylogeny was qualitatively similar (T= 0.986X, n = 9, R 2 = 0.7 1, F 
(1>8) = 19.62, P= 0.003). 
(TIFF) 

Figure S3 Exponential decay function fitted to percent seed 
germination after burial over time of five Macaranga species. For 
species with two maternal sources in the study, species' seed half- 
life is the average from the two maternal trees. 
(TIFF) 

Appendix SI Fracture resistance measurement and the corre- 
lation to seed coat thickness. 
(DOCX) 

Appendix S2 Extraction of soluble seed phenolic compounds. 
(DOCX) 

Appendix S3 Analytical method in high performance liquid 

chromatography (HPLC). 

(DOCX) 

Appendix S4 Phylogenetic analyses and results of phylogenetic 
analyses. Table SI, Pearson partial correlation matrix of seed 
physical defence (seed coat thickness), chemical defence (total 
mass-standardized peak area), crown illumination index (CI 
index), and seed mass of nine Macaranga species. An outlier, M. 
winkleri, was excluded. The correlation coefficients were not 
statistically significant at P<0.05. 
(DOCX) 

Acknowledgments 

We acknowledge the Sarawak Forest Department and the Sarawak 
Forestry Cooperation for providing permission to conduct the field work at 
Lambir Hills National Park (Permit number NCCD.907.4.4(V)-97 and 
NCCD.907.4.4(Jld.Vl)-84). The advice of Stuart Davies was a great help in 
identifying Macaranga. We thank Azam Bin Amat, Juari Mathius, Ah Chin, 
and Douglas for assistance in the field. We extend our gratitude to 
Christina Czekala, Dan Arrecis, Kristen Woodley, and Phil Jarboe, in 
helping with chemical extraction, and Carolina Sarmicnto and Jorge 
Ceballos in editing seed SEM photos. We also thank Carol Augspurger, 
Uromi M Goodale and an anonymous reviewer for helpful comments on 
the manuscript. 

Author Contributions 

Conceived and designed the experiments: PT JWD. Performed the 
experiments: PT MAB PCZ. Analyzed the data: PT ASD. Contributed 
reagents/matcrials/analysis tools: PT ASD MAB JWD. Wrote the paper: 
PT ASD MAB PCZ JWD. 



2. Augspurger GK, Kelly CK (1984) Pathogen mortality of tropical tree seedlings: 
Experimental studies of the effects of dispersal distance, seedling density, and 
light conditions. Oecologia 61: 211-217. 



PLOS ONE | www.plosone.org 



8 



June 2014 | Volume 9 | Issue 6 | e99691 



Seed Defence and Species Traits in Macoronga 



3. Fine PVA, Mesones I, Coley PD (2004) Herbivores promote habitat 
specialization by trees in Amazonian forests. Seienee 305: 663—665. 

4. Fenncr M, Thompson K (2005) The eeology of seeds. Cambridge: Cambridge 
University Press. 250 p. 

5. Fine PVA, Mesones I (201 1) The role of natural enemies in the germination and 
establishment of Pachira (Malvaceae) trees in the Peruvian Amazon. Biotropiea 
43: 265-269. 

6. Janzen DH (1971) Seed predation by animals. Annu Rev Ecol Syst 2: 465-492. 

7. Zhang J, Drummond FA, Kiebman M, Hartke A (1997) Insect predation of 
seeds and plant population dynamics. Orono: Department of Applied Ecology 
and Environmental Studies, University of Maine. 28 p. 

8. Kestring D, Menezes LCCR, Tomaz CA, Lima GPP, Rossi MN (2009) 
Relationship among phenolic contents, seed predation, and physical seed traits 
in Mimosa bimucronata plants. J Plant Biol 52: 569-576. 

9. DallingJW, Davis AS, Schuttc BJ, Elizabeth Arnold A (2011) Seed survival in 
soil: Interacting effects of predation, dormancy and the soil microbial 
community. J Ecol 99: 89-95. 

10. Cazetta E, Schaefer HM, Galetti M (2008) Does attraction to frugivores or 
defense against pathogens shape fruit pulp composition? Oecologia 155: 277— 
286. 

1 1. Gallery RE (2007) Seed banks, seed mortality, and the role of fungal 
communities in neotropical forests. PhD Thesis. University of Illinois, Urbana- 
Champaign 

12. Grubb PJ, Metcalfe DJ, Grubb EAA, Jones GD (1998) Nitrogen-richness and 
protection of seeds in Australian tropical rainforest: A test of plant defence 
theory. Oikos 82: 467-482. 

13. Moles AT, Warton DI, Wcstoby M (2003) Do small-seeded species have higher 
survival through seed predation than large-seeded species? Ecology 84: 3148- 
3161. 

14. Bocsewinkcl FD, Bouman F (1995) The seed: Structure and function. In: KigclJ, 
Galili G, editors. Seed Development and Germination. New York: Marcel 
Dekkcr. pp. 1-24. 

15. Kuprewicz EK, Garea-Robledo C (2010) Mammal and insect predation of 
chemically and structurally defended Mucuna holtonii (Fabaceac) seeds in a Costa 
Rican rain forest. J Trop Ecol 26: 263-269. 

16. Souza AJ, Santos PO, Pinto MST, Wermelinger TT, Ribeiro ES, et al. (201 1) 
Natural seed coats provide protection against penetration by Callosobruchus 
maculatus (Coleoptera: Bruchidae) larvae. Crop Prot 30: 651-657. 

1 7. Bodmer RE (1991) Strategics of seed dispersal and seed predation in Amazonian 
ungulates. Biotropiea 23: 255-261. 

18. Rodgerson L (1998) Mechanical defense in seeds adapted for ant dispersal. 
Ecology' 79: 1669-1677. 

19. Mohamcd-Yassccn Y, Barringer SA, Splittstocsser WE, Costanza S (1994) The 
role of seed coats in seed viability. Bot Rev 60: 426—439. 

20. Heil M, Delsinne T, Hilpert A, Schiirkens S, Andary C, et al. (2002) Reduced 
chemical defence in ant-plants? A critical rc-cvaluation of a widely accepted 
hypothesis. OIKOS 99: 457^68. 

21. Phrommart S, Sutthivaiyakit P, Chimnoi N, Ruchirawat S, Sutthivaiyakit S 
(2005) Constituents of the leaves of Macaranga tanarius,} Nat Prod 68: 927-930. 

22. Yoder B J (2005) Isolation and structure elucidation of cytotoxic natural products 
from the rainforests of Madagascar and Surinamc. PhD Thesis. Virginia 
Polytechnic Institute and State University. 

23. Cardinal -Aucoin M, Bauce E, Albert PJ (2009) Preingestive detection of tannins 
by Choristoneura fumiferana (Eepidoptcra: Tortrieidae). Ann Entomol Soc Am 102: 
717-726. 

24. Singh A, Singh DK, Misra TN, Agarwal RA (1996) Molluscicides of plant 
origin. Biol Agric Hortic 13: 205-252. 

25. Chen X, Cannon CH, Conklin-Brittan NL (2012) Evidence for a trade-off 
strategy in stone oak (Lithocarpus) seeds between physical and chemical defense 
highlights fiber as an important antifeedant. PLOS ONE DOI: 10.1371/ 
journal.pone.0032890. 

26. Abdel-Monaim MF (201 1) Role of riboflavin and thiamine in induced resistance 
against charcoal rot disease of soybean. Afr J Biotechnol 10: 10842-10855. 

27. Coley PD (1983) Herbivory and defensive characteristics of tree species in a 
lowland tropical forest. Ecol Monogr 53: 209-234. 

28. Stock WD, Pate JS, Rasins E (1991) Seed developmental patterns in Bank.ua 
attenuata R. Br. and B. laricina C. Gardner in relation to mechanical defence 
costs. New Phytol 117: 109-114. 

29. Strauss SY, Rudgcrs JA, Lau JA, Irwin RE (2002) Direct and ecological costs of 
resistance to herbivory. Trends Ecol Evoll7: 278—285. 

30. Twigg LE, Socha LV (1996) Physical versus chemical defence mechanisms in 
toxic (jastro labium. Oecologia 108: 21-28. 

31. Hanlcy ME, Lamont BB (2002) Relationships between physical and chemical 
attributes of congeneric seedlings: How important is seedling defence? Funct 
Ecol 16: 216-222. 

32. Read J, Sanson GD, Caldwell E, Clissold FJ, Chatain A, et al. (2009) 
Correlations between leaf toughness and phcnolics among species in contrasting 
environments of Australia and New Caledonia. Ann Bot 103: 757—767. 

33. Moles AT, Peco B, Wattis IR, Foley WJ, Poorc AGB, ct al. (2013) Correlations 
between physical and chemical defences in plants: Tradeoffs, syndromes, or just 
many different ways to skin a herbivorous eat? New Phytol 198: 252-263. 



34. O'Hanlon-Manners DL, Kotanen PM (2004) Evidence that fungal pathogens 
inhibit recruitment of a shade-intolerant tree, white birch (Betula papyrifera), in 
understory habitats. Oecologia 140: 650-653. 

35. Schafer M, Kotanen PM (2004) Impacts of naturally-occurring soil fungi on 
seeds of meadow plants. Plant Ecol 175: 19-35. 

36. Gallery' RE, Moore DJP, Dallmg JW (2010) Interspecific variation in 
susceptibility to fungal pathogens in seeds of 10 tree species in the neotropical 
genus Cecropia. J Ecol 98: 147-155. 

37. Hendry GAF, Thompson K, Moss CJ, Edwards E, Thorpe PC (1994) Seed 
persistence: A correlation between seed longevity in the soil and ortho- 
dihydroxyphcnol concentration. Funct Ecol 8: 658—664. 

38. VcldmanJW, Greg Murray K, Hull AL, Mauricio Garcia-C J, Mungall WS, et 
al. (2007) Chemical defense and the persistence of pioneer plant seeds in the soil 
of a tropical cloud forest. Biotropiea 39: 87-93. 

39. Davis AS, Schuttc BJ, Iannuzzi J, Rcnncr KA (2008) Chemical and physical 
defense of weed seeds in relation to soil seedbank persistence. Weed Sci 56: 676- 
684. 

40. Gardarin A, Durr C, Mannino MR, Busset H, Colbach N (2010) Seed mortality 
in the soil is related to seed coat thickness. Seed Sci Res 20: 243-256. 

41. Kumagai T, Yoshifiiji N, Tanaka N, Suzuki M, Kume T (2009) Comparison of 
soil moisture dynamics between a tropical rain forest and a tropical seasonal 
forest in Southeast Asia: Impact of seasonal and ycar-to-ycar variations in 
rainfall. Water Resour Res 45: W04413. 

42. Kumagai T, Saitoh TM, Sato Y, Takahashi H, Manfroi OJ, et al. (2005) Annual 
water balance and seasonality of cvapotranspiration in a Bornean tropical 
rainforest. Agric For Meterol 128: 81-92. 

43. Davies SJ, Ashton PS (1999) Phenology and fecundity in 11 sympatrie pioneer 
species of Macaranga (Euphorbiaceac) in Borneo. AmJ Bot 86: 1786-1795. 

44. Davies SJ, Palmiotto PA, Ashton PS, Lee HS, Lafrankie JV (1998) Comparative 
eeology of 1 1 sympatrie species of Macaranga in Borneo: Tree distribution in 
relation to horizontal and vertical resource heterogeneity. J Ecol 86: 662-673. 

45. Goodale UM, Ashton MS, Berlyn CP, Gregoire TG, Singhakumara BMP, et al. 
(2012) Disturbance and tropical pioneer species: Patterns of association across 
life history stages. For Ecol Manage 277: 54-56. 

46. Xu Y, Gong F, Dixon SJ, Brereton RG, Soini HA, et al. (2007) Application of 
dissimilarity indices, principal coordinates analysis, and rank tests to peak tables 
in metabolomies of the gas chromatography /mass spectrometry of human sweat. 
Anal Chem 79: 5633-5641. 

47. R Development Core Team (2013) R: A language and environment for 
statistical computing. R Foundation for Statistical Computing, Vienna, 
Austria2.15.3. 

48. Goslee SC, Urban DL (2007) The ecodist package for dissimilarity-based 
analysis of ecological data. J Stat Softw 22: 1-19. 

49. GowcrJC (2005) Principal coordinates analysis. In: Anonymous Encyclopedia of 
Biostatisties: John Wiley and Sons, Ltd. 

50. Conn JS, Beattic KL, Blanchard A (2006) Seed viability and dormancy of 1 7 
weed species after 19.7 years of burial in Alaska. Weed Sci 54: 464—470. 

51. Galen C, Wegcr HG (1986) Re-evaluating the significance of correlations 
between seed number and size: Evidence from a natural population of the lily, 
Clintonia borealis. AmJ Bot 73: 346-352. 

52. Venable DL (1992) Size-number trade-offs and the variation of seed size with 
plant resource status. Am Nat 140: 287-304. 

53. Ding H, Lamb RJ, Ames N (2000) Inducible production of phenolic acids in 
wheat and antibiotic resistance to Silodiplosis mosel.lana. J Chem Ecol 26: 969-985. 

54. Roitto M, Markkola A, Julkunen-Tiitto R, Sarjala T, Rautio P, et al. (2003) 
Defoliation-induced responses in peroxidases, phcnolics, and polyamines in scots 
pine [Pinus ylvestris L.) needles. J Chem Ecol 29: 1905-1918. 

55. Garwood NC (1983) Seed germination in a seasonal tropical forest in Panama: A 
community study. Ecol Monogr 53: 159—181. 

56. Koizumi M, Kikuchi K, Isobe S, Ishida N, Naito S, et al. (2008) Role of seed 
coat in imbibing soybean seeds observed by micro-magnetic resonance imaging. 
Ann Bot 102: 343-352. 

57. Daws MI, Garwood NC, Pritchard HW (2005) Traits of recalcitrant seeds in a 
semi-deciduous tropical forest in Panama: Some ecological implications. Funct 
Ecol 19: 874-885. 

58. DallingJW, Swaine MD, Garwood NC (1998) Dispersal patterns and seed bank 
dynamics of pioneer trees in moist tropical forest. Ecology 79: 564—578. 

59. Barthlott W (1981) Epidermal and seed surface characters of plants: Systematic 
applicability and some evolutionary aspects. Nord J Bot 1: 345—355. 

60. Metzing D, Thiede J (2001) Testa sculpture in the genus Frailea (Cactaccae). 
Bot J Linn Soc 137: 65-70. 

61. Johnson HB (1975) Plant pubescence: An ecological perspective. Bot Rev 41: 
233-258. 

62. Tiansawat P (2013) Ecological significance of seed traits in the genus Macaranga. 
PhD thesis, University of Illinois, Urbana-Champaign. 

63. Davies SJ (2001) Systematica of Macaranga sects. Pachystcmon and Pruinosae 
(Euphorbiaceac). Haw Pap Bot 6: 371-448. 

64. Whitmore TC (2008) The Genus Macaranga: A prodromus. Kcw: Royal Botanic 
Gardens 312 p. 



PLOS ONE | www.plosone.org 



9 



June 2014 | Volume 9 | Issue 6 | e99691 



